Introduction
Implantable cardiac defibrillators (ICD) are established as preventing death in patients with left ventricular dysfunction and ischaemic heart disease (IHD). 1 In patients without IHD, however, ICDs are already considered controversial, 2 and recent trial data have been interpreted as indicating that they are not beneficial. 3 We set out to analyse the totality of RCT data of ICD vs. no ICD therapy in primary prevention of mortality in patients with left ventricular dysfunction.
Methods Eligibility and search strategy
We identified all reports of studies of the use of ICD therapy against no ICD therapy for primary prevention in patients with left ventricular systolic dysfunction, in which outcome data was available stratified by the presence of IHD, or recruited only one of these two groups. We included cardiac resynchronization therapy (CRT) RCTs that included a defibrillator arm (CRT-D) and a cardiac resynchronization pacing only arm (CRT-P). We did not include comparisons between CRT-D and no device.
Pubmed (1st January 1946 to 18th December 2016), EMBASE (1st January 1974 to 18th December 2016), and the Cochrane Central register for randomized controlled trials using the search strategy detailed in Supplementary material online, Appendix S1. Only articles in English were considered. Reference lists and relevant systematic reviews were hand-searched for additional publications. No published protocol exists for this systematic review and meta-analysis.
Data abstraction
Data was independently extracted by two authors (SZ, MJS), including year, participants, intervention, and outcomes. Disagreements were resolved by discussion with a third reviewer (DPF). The risk of bias was independently assessed by two authors (SZ, MJS). We sought data on the primary outcome measure of all-cause mortality. Secondary outcome measures included cardiovascular mortality and sudden cardiac death. We also collected data on specific ICD associated complications including inappropriate shocks and device-related infections. We abstracted reported hazard ratios with confidence intervals, and appropriately transformed them for meta-analysis. If hazard ratios or their confidence intervals were not available, but Kaplan-Meier plots were available, we extracted the underlying data using Digitizer 4 and converted to hazard ratios and their standard errors. 5 If a trial 6 randomized patients to control, CRT-Defibrillator, and CRT-Pacemaker; and only presented data stratified by aetiology for the CRT-Defibrillator vs. control, and CRTPacemaker vs. control comparisons; the effect of the defibrillator component was determined by indirect comparison of the CRT-Defibrillator vs. the CRT-Pacemaker arms. The steps used to calculate the hazard ratio effect of the defibrillator component, and derive its confidence interval, for the groups with and without IHD separately, are shown in Supplementary material online, Appendix S2, and are based on formulae from Tierney et al.
7
If hazard ratio data were unavailable 8 we extracted risk ratios.
Risk of bias assessment
We used the Cochrane Risk of Bias Tool 9 to assess all trials for bias across six domains (selection, performance, detection, attrition, reporting, and other).
Data analysis
Where appropriate, we quantitatively synthesised the extracted hazard ratios and risk ratios using a random-effects meta-analyses with the Restricted Maximum Likelihood (REML) estimator. We calculated the annualized mortality rate across for each aetiology by dividing the overall mortality rate in the control group by the mean follow-up time, and weighting by study size. The I 2 statistic was used to measure heterogeneity of trial results. 10 We carried out a sensitivity analysis for patients without IHD by omitting each of the trials in turn and repeating the metaanalysis. Publication bias was graphically assessed using Funnel plots, with Egger's test for asymmetry. 11 Data were analysed using "R", 12 and the package "metafor". 13 The PRISMA checklist is included as Supplementary Data. 14 
Results
The primary search yielded 2698 records, which were processed as shown in the study flow chart (Figure 1) . Full-text was independently reviewed for 219 articles and 11 trials of ICD therapy for primary prevention were included. Three additional articles reported secondary outcomes for included trials. [15] [16] [17] 
Risk of bias assessment
Trial quality was assessed using Cochrane risk of bias tool ( Table 2) . There was no effective blinding of therapy in any of the trials. We assessed our primary end-point of all-cause mortality as having a low risk of bias. End-points requiring clinical judgement, such as sudden cardiac death and cardiovascular death, are at risk of bias if assessors are not blinded. Only five 6, 8, 20, 21, 26 of the eleven trials reported on procedures to blind end-point assessment. Secondary outcomes were poorly reported, and often used different statistical measures to the primary outcome.
Populations studied
Across the 11 trials, the mean age was 63.1 years. Most trials enrolled patients with an EF < _ 35%; two trials enrolled those with an EF < _ 30%, 19, 23 and one enrolled those with an LVEF < _ 40%. 26 All trials included patients with NYHA Class III symptoms. In 5 trials only patients who were NYHA Class II and III were included. Three trials included patients with NYHA Class IV symptoms, but these accounted for only a small proportion of patients (14%, 4%, 1%). One trial 6 did not recruit NYHA Class II patients. 5 trials 8, 21, 23, 25, 26 included NYHA Class I patients.
The electrophysiology inclusion criteria varied between the trials with 6 trials enrolling based on previous NSVT or ectopics, and 5 having no specific electrophysiological inclusion criteria.
In one trial, 22 ICDs were placed with epicardial leads during coron- In all other studies transvenous leads were used. The studies enrolling patients with chronic IHD recruited patients at least 3 weeks after previous MI; those enrolling patients with acute MI within 31 days 26 or 40 days of an MI. 25 Baseline characteristics, inclusion, and exclusion criteria are detailed in Table 1 .
Effect on all-cause mortality
Left ventricular dysfunction without ischaemic heart disease Across the 3128 patients without ischaemic heart disease, there was a significant reduction in all-cause mortality with minor heterogeneity (HR 0.76, 95% CI 0.64 to 0.90, P = 0.001, I 2 = 3%, Figure 2 ). The annualized mortality rate in control patients was 5.4%. A sensitivity analyses, carried out by omitting each of the trials in turn, in each case shows a statistically significant consensus reduction in mortality (see Supplementary material online, Appendix S4). A funnel plot did not show any significant asymmetry (Egger's test P = 0.5, Supplementary material online, Appendix S5).
Left ventricular dysfunction with ischaemic heart disease Across the 3867 patients in all trials of primary prevention ICD therapy with ischaemic heart disease and no recent MI, there was a nonsignificant reduction in all-cause mortality (pooled HR 0.81, 95% CI 0.65 to 1.03, P = 0.08, Figure 3A) . However, there was substantial heterogeneity (I 2 = 62%). One trial 22 was unique in inserting the ICD at the time of CABG surgery. There was a 16% higher infection rate in the ICD group, with 4.3% requiring removal. Current practice is to minimize infection risk by implanting the cardiac device separately from any open surgery. Running the analysis for the trials that tested this approach showed a significant reduction in mortality (HR 0.76, 95% CI 0.60 to 0.96, P = 0.02, I 2 52%, Figure 3B ). The annualized mortality rate in the control patients was 11.3%. A funnel plot did not show any significant asymmetry (Egger's test P = 0.2, Supplementary material online, Appendix S5).
Left ventricular dysfunction with acute myocardial infarction
In the 2 trials that enrolled 1572 patients after an acute MI, ICD therapy did not cause a significant reduction in mortality (HR 1.05, 95% CI 0.86 to 1.30 , P = 0.6, I 2 = 0%, Figure 4 ). The annualized event rate in the control patients was 7.6%. Supplementary material online, Appendix S5 contains the funnel plot.
Effect on secondary outcomes
Secondary outcomes were inconsistently reported with not all trials presenting data. Some data were presented as raw counts from which risk ratios could be derived, and some as hazard ratios. ICD therapy was consistently associated with a statistically significant Figure 1 Study flow chart. 
Discussion
Based on high-quality data from RCTs, this meta-analysis finds that primary prevention ICDs reduce all-cause mortality in patients with left ventricular dysfunction both with and without IHD. No benefit from ICDs is seen in the setting of acute myocardial infarction. These findings are consistent with the current ESC guideline recommended management.
31,32
Patients without ischaemic heart disease There has been controversy over the utility of ICDs in patients without IHD. Many of the published guidelines make a distinction between the aetiologies with respect to the level of evidence on which their recommendations are made. The 2015 European Society of Cardiology (ESC) ventricular arrhythmia guidelines, 31 and the 2016 ESC heart failure guideline 32 give ICDs for primary prevention a 1A
recommendation for an ischaemic aetiology, and 1B for a nonischaemic aetiology. Indeed, this uncertainty was the stimulus for conducting the recent DANISH study. Subsequent commentary 3 has added to the uncertainty. Part of this uncertainty may have arisen as mortality rate in patients without IHD is lower than those with IHD (5.4%/year vs. 11 .3%/year, respectively), and consequently the confidence intervals are wider for individual trials.
However, all the point estimates lie in the range 0.55 to 0.87, and the trials showed minimal heterogeneity (I 2 = 3%). The group without IHD in COMPANION was, even on its own, statistically significant for a reduction of all-cause mortality with ICD (see Supplementary material online, Appendix S2), although this was not the chosen central message of the COMPANION primary publication. Our meta-analysis confirms a statistically significant reduction in all-cause mortality by primary prevention ICD in patients without IHD. Whilst only one trial was individually significant, the point estimates from all 6 trials were in the same direction, suggestive of benefit. Furthermore, even omitting both COMPANION and the recent DANISH trial from the meta-analysis still produces a statistically significant consensus reduction in mortality (see Supplementary mater ial online, Appendix S4).
Patients with ischaemic heart disease
This meta-analysis supports the current consensus that ICDs reduce all-cause mortality in left ventricular dysfunction with IHD, in the trials that use the current clinical convention of a dedicated device implant procedure. Interestingly, the reduction in hazard ratio is numerically the same (24%) in patients with and without IHD. Consequently, when considering ICD therapy, distinctions between the two groups may be unnecessary.
In acute myocardial infarction, however, there is no indication of a reduction in all-cause mortality. ........................................................................................................................................................................................................................................................................................................... ICD, implantable cardioverter defibrillator; CRT-D/P, cardiac resynchronization therapy-defibrillator/pacemaker; SMT, standard medical therapy; ACM, all-cause mortality; MI, myocardial infarction; NSVT, non-sustained ventricular tachycardia; NYHA, New York Heart Association Functional Classification; DCM, dilated cardiomyopathy; HF, heart failure; OMT, optimal medical therapy; VE, ventricular ectopics; VT, ventricular tachycardia; VF, ventricular fibrillation; CAD, coronary artery disease; MPS, myocardial perfusion scintigraphy; CABG, coronary artery bypass graft; NA, not applicable. 
Difference between this meta-analysis and previous meta-analyses
Our meta-analysis is the first to include the results of the patients without IHD from the COMPANION and DANISH trials. Other meta-analyses 33 have omitted COMPANION, presumably because the paper did not display the hazard ratio explicitly. However, the hazard ratio and its confidence interval can be calculated from the steps shown in Supplementary material online, Appendix S2. The current meta-analysis therefore provides important new information regarding the role of ICD therapy in patients with left ventricular dysfunction without IHD.
Study limitations
Any meta-analysis can only examine studies that have actually been carried out. Different studies took different approaches to recruitment. However, it is notable that all six non-ischaemic trial results were concordant not only in the direction of effect, but also the approximate magnitude, with the I 2 statistical test showing minor heterogeneity.
In the case of the COMPANION trial, the hazard ratio was calculated using the information published in the primary publication by steps shown in Supplementary material online, Appendix S2. The original publication did not comment on this hazard ratio. It is wise to be cautious of results of sub-group analyses, because many such analyses are possible and some will be positive by chance alone. However, the single most important dichotomy in current guidelines 31, 32 for primary prevention ICDs in left ventricular systolic dysfunction is the presence vs. absence of ischaemic heart disease. Therefore, this subgroup analysis need not be assumed to be a random result selected from many possible sub-groups analyses. Moreover, all six groups of patients without ischaemic heart disease showed the same direction of effect. Furthermore, the finding is stable to the removal of any one trial (see Supplementary material online, Appendix S4).
Background medical therapy has improved over the time-course of these trials, with only 4% treated with beta-blockers in the CAT (2002), but 92% in DANISH (2016). Whilst the relative mortalityreduction effect size has remained remarkably consistent over time this will reduce the absolute effect size (when analysed over a fixed time window) of ICDs for primary prevention.
Our study could not consider the degree to which comorbidities might affect results. It has been noted that patients recruited into trials often have fewer comorbidities than those in the general population. The external validity of RCTs is always challenged by this, particularly in conditions such as heart failure where comorbidities may be frequent and severe. 34 Furthermore, whilst this meta-analysis finds that stratifying by the presence or absence of ischaemic heart disease does not influence the mortality benefit of ICDs in primary prevention, other factors might. Supplementary material online, Appendix S4 includes data stratified by the presence or absence of CRT, but this analysis is hindered by the limited data in CRT group which is derived from COMPANION 6 and a sub-group of DANISH. 20 The 2013 ESC guidelines on cardiac pacing and cardiac resynchronization therapy 35 similarly recognize that limited RCT data is available for the comparison between CRT-P and CRT-D. The guidelines suggest clinical conditions such as advanced or end-stage cardiac or renal disease may favour CRT-P over CRT-D.
Clinical implications
The challenge facing clinical trials, as highlighted by McMurray, 3 is that skilful modern treatment algorithms have reduced event rates down to low levels in the types of patients who would be eligible for, and willing to enter, randomized controlled trials; the annualized rate is The low event rate in the trials is why viewing multiple trials is necessary to see the survival benefit. However, the 24% risk reduction is as sizable as one might realistically hope for, for any intervention. This meta-analysis provides strong support for the role of primary prevention ICDs in patients with left ventricular dysfunction. A 24% risk reduction in all-cause mortality is comparable with other therapies which we recommend in heart-failure such as candesartan 36 or an angiotensin-neprilysin inhibitor (HR 0.77, 0.84, respectively). 37 
Conclusions
In patients with left ventricular dysfunction, primary prevention ICDs reduce mortality. ICDs reduce mortality by 24% in both patients with (P = 0.03) and without IHD (P = 0.0023). 
